Anthrax is a zoonotic disease caused by the gram-positive spore-forming bacterium Bacillus anthracis. Human infection occurs after the ingestion, inhalation, or cutaneous inoculation of B. anthracis spores. The subsequent progression of the disease is largely mediated by two native virulence plasmids, pXO1 and pXO2, and is characterized by septicemia, toxemia, and meningitis. In order to produce meningitis, blood-borne bacteria must interact with and breach the blood-brain barrier (BBB) that is composed of a specialized layer of brain microvascular endothelial cells (BMEC). We have recently shown that B. anthracis Sterne is capable of penetrating the BBB in vitro and in vivo, establishing the classic signs of meningitis; however, the molecular mechanisms underlying the central nervous system (CNS) tropism are not known. Here, we show that attachment to and invasion of human BMEC by B. anthracis Sterne is mediated by the pXO1 plasmid and an encoded envelope factor, BslA. The results of studies using complementation analysis, recombinant BslA protein, and heterologous expression demonstrate that BslA is both necessary and sufficient to promote adherence to brain endothelium. Furthermore, mice injected with the BslA-deficient strain exhibited a significant decrease in the frequency of brain infection compared to mice injected with the parental strain. In addition, BslA contributed to BBB breakdown by disrupting tight junction protein ZO-1. Our results identify the pXO1-encoded BslA adhesin as a critical mediator of CNS entry and offer new insights into the pathogenesis of anthrax meningitis.
Bacillus anthracis, the etiologic agent of anthrax, is a grampositive spore-forming bacterium that is commonly found in soil (29) . The bacterium can infect animals and humans by ingestion, inhalation, or cutaneous inoculation of B. anthracis spores (8) . Spores are taken up by resident macrophages that migrate to the lymph nodes (15) . Here, the spores germinate into vegetative bacteria, multiply, and then disseminate throughout the host, causing septicemia and toxemia (8) . Systemic disease can be complicated by the onset of a fulminant and rapidly fatal hemorrhagic meningitis and meningoencephalitis (27) . Anthrax meningitis is associated with a high mortality rate despite intensive antibiotic therapy (24) . Biopsy studies after an outbreak of inhalational anthrax and experimental studies of inhalational infection in rhesus monkeys demonstrated the presence of bacilli in the central nervous system (CNS) and pathologies consistent with suppurative and hemorrhagic meningitis in the majority of cases (1, 12) . The intentional release of B. anthracis spores (19) during the 2001 bioterrorism event resulted in a case of meningitis (19) , necessitating a need for a better understanding of the pathogenesis of anthrax meningitis and CNS infection.
To cause meningitis, blood-borne bacteria must interact with and breach the blood-brain barrier (BBB). The majority of the BBB is anatomically represented by the cerebral microvascular endothelium; brain microvascular endothelial cells (BMEC) are joined by tight junctions and display a paucity of pinocytosis, thereby effectively limiting the passage of substances and maintaining the CNS microenvironment (4, 5) . Despite its highly restrictive nature, certain bacterial pathogens are still able to penetrate the BBB and gain entry into the CNS. The presence of bacilli in the brains of patients (1, 24) and in experimental models of anthrax infection (42, 44) suggests that vegetative B. anthracis cells are able to cross the BBB to initiate meningeal inflammation and the classic pathology associated with meningitis.
B. anthracis harbors two large virulence plasmids, pXO1 and pXO2 (8) , which are required for full virulence, as strains lacking these plasmids are attenuated in animal models of infection (29) . B. anthracis Sterne (pXO1 ϩ pXO2 Ϫ ) has been utilized as a vaccine strain (41) but is still widely used in both in vitro and in vivo studies of anthrax infection since it causes lethal disease in mouse models of infection (46) . Despite the crucial roles of pXO1 and pXO2 in anthrax disease pathogenesis, very few plasmid-encoded factors have been characterized. The best described are the antiphagocytic polyglutamyl capsule, encoded by biosynthetic enzymes on pXO2, and the anthrax toxin complex comprised of protective antigen, lethal factor (LF), and edema factor (EF), encoded by pXO1 (8, 29) . Sequence analysis of the pXO1 plasmid revealed that the majority of plasmid-encoded factors, ϳ70%, were of unknown function (31) . More recently, in silico analysis identified novel pXO1-encoded proteins with immunogenic potential and rel-evance for pathogenesis. These included factors with putative adherent and invasive properties (2) . Interestingly, two of the immunoreactive proteins were predicted surface layer (Slayer) proteins (2), one of which, B. anthracis S-layer protein A (BslA, pXO1-90), has recently been described and shown to mediate adherence of the vegetative form to host cells (20) .
Using in vitro and in vivo model systems, we have recently shown that B. anthracis Sterne adheres to and invades brain endothelium (44) . This interaction was partially dependent on the pXO1-encoded anthrax toxins; however, the molecular mechanisms that contribute to B. anthracis penetration of the BBB are currently unknown. In this study, we investigate the role of pXO1 in B. anthracis Sterne's interaction with brain endothelium and identify the encoded BslA adhesin as a critical mediator for BBB attachment and penetration during the pathogenesis of anthrax meningitis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Parental Bacillus anthracis Sterne (pXO1 ϩ pXO2 Ϫ ) strains 34F2 (38) and 7702 (6), their mutant derivatives, and Bacillus thuringiensis HD1 (obtained from the Bacillus Genetic Stock Center, OH) (Table 1) were grown in brain heart infusion broth (Sigma) as shaken cultures under aerobic conditions at 37°C. The B. anthracis Sterne 34F2 pXO1 Ϫ strain (provided by Mojgan Sabet and Donald Guiney, University of California, San Diego, CA) was cured of pXO1 by passage at 43°C using a method described previously (28) . Plasmid loss was confirmed by PCR and Southern blot analysis. Log-phase cultures were grown in brain heart infusion broth to an optical density at 600 nm of 0.4 (1 ϫ 10 7 CFU/ml for B. anthracis Sterne and its derivatives and 1 ϫ 10 8 CFU/ml for B. thuringiensis). The toxin-deficient (⌬LF/EF) Sterne strain 7702, described previously (18) , was generously provided by Scott Stibitz (Center for Biologics Evaluation and Research, Bethesda, MD). The growth kinetics of all strains were similar under the experimental conditions used in our assays (data not shown).
Complementation and heterologous expression of BslA. For complementation analysis, the full-length bslA gene was amplified from the chromosome and cloned into pLM5 as described previously (20) . The resultant construct, pbslA, which carries bslA under the control of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible P spac promoter, was used to transform the BslA-deficient bslA::⍀Sp r strain. To induce BslA expression, the complemented strain was grown in the presence of 1 mM of IPTG at 30°C. For the heterologous expression of BslA in B. thuringiensis, bslA plus 150 base pairs of the upstream region was PCR amplified from chromosomal DNA using primers BslA-Fwd (5Ј-CCACC ATTTAACCCACATTC-3Ј) and BslA-Rev (5Ј-AATGTTATAGATCAGGAG ATTGGC-3Ј) and cloned into plasmid pUTE29 (22) to yield pUTE-bslA. The pUTE-bslA plasmid was introduced into B. thuringiensis by electroporation using an established protocol described for B. anthracis (22) .
Endothelial cell culture. The human BMEC (hBMEC) cell line, obtained from Kwang Sik Kim (Johns Hopkins University, Baltimore, MD), has been described previously (39, 40) . hBMEC were cultured using RPMI 1640 (Gibco) supplemented with 10% fetal calf serum (Gibco), 10% Nuserum (BD Biosciences, San Jose, CA), and 1% modified Eagle's medium with nonessential amino acids (Gibco) without the addition of antibiotics. Cultures were incubated at 37°C with 5% CO 2 . Tissue culture flasks and 24-well plates were precoated with 1% rat tail collagen to support hBMEC monolayers.
hBMEC adherence and invasion assays. B. anthracis Sterne, B. thuringiensis, and mutant/derivative strains were analyzed as described previously for their capacities to adhere to and invade hBMEC (9, 44) . Briefly, hBMEC were seeded in collagen-coated 24-well tissue culture plates until they reached 90 to 100% confluence. Early-log-phase bacteria were pelleted, washed with 1ϫ phosphatebuffered saline (PBS), and diluted in RPMI 1640-10% FBS. An inoculum of 1 ϫ 10 5 CFU/well (multiplicity of infection [MOI] of 1 to 3) was added to hBMEC monolayers in a final volume of 500 l. Plates were centrifuged at 800 ϫ g for 5 min to synchronize the infection and subsequently incubated at 37°C with 5% CO 2 . After 45 min, hBMEC monolayers were washed five times with PBS to remove nonadherent bacilli. Monolayers were disrupted by the addition of 0.025% trypsin-EDTA-Triton X-100 solution, and the total number of surfaceadherent (total cell associated) bacteria were quantified by plating serial dilutions on Todd Hewitt broth agar plates. To quantify the number of intracellular bacteria, hBMEC monolayers were incubated with bacteria for 2 h, followed by the addition of gentamicin (50 g/ml) for 15 min to kill extracellular bacteria. The monolayers were washed three times with PBS and treated as described above to enumerate intracellular organisms. Data are expressed as the total cell-associated or intracellular CFU recovered compared to the input inoculum (MOI of 1, ϳ1 ϫ 10 5 CFU). All assays were performed at least in triplicate and repeated at least three times. The recombinant BslA protein fused to glutathione S-transferase (GST-BslA 260-652 ), used for BslA protein competition assays, has been described previously (20) . Confluent hBMEC monolayers were preincubated with 5 M of purified GST or GST-BslA 260-652 for 1 h, after which B. anthracis Sterne was added to the monolayers (MOI of 1 to 3). After 45 min, hBMEC monolayers were washed five times with PBS to remove nonadherent bacilli and disrupted by the addition of 0.025% trypsin-EDTA-Triton X-100 solution, and the total number of surface-adherent (total cell associated) bacteria was quantified as described above. Gram stain and microscopy. To visualize bacterial attachment, hBMEC monolayers were grown to 90 to 100% confluence on collagen-coated glass coverslips and infected with B. anthracis Sterne and isogenic mutants or B. thuringiensis (1 ϫ 10 6 CFU) for 45 min at 37°C. Cells were washed five times with PBS and heat fixed. Gram staining was performed using standard methods. Slides were mounted in Cytoseal-60 (Thermo Scientific), and images were digitally collected on a Zeiss Axio inverted microscope equipped with a chargecoupled-device camera.
BslA protein purification. BslA protein lacking amino acids 1 to 260 was expressed as a C-terminal fusion to GST in Escherichia coli TOP10 (Invitrogen) and purified using glutathione-Sepharose affinity chromatography as described previously (20), with minor modifications. Briefly, E. coli TOP10 strains expressing GST or GST-BslA 260-652 were induced with 10 mM IPTG for 2.5 h. Following sonication and centrifugation of bacterial extracts, proteins in the supernatant were loaded onto glutathione-Sepharose 4B affinity columns and purified under native conditions. GST and GST-BslA 260-652 were eluted with 20 mM glutathione and buffer exchanged in 1ϫ PBS prior to use in cell assays.
Mouse model of hematogenous meningitis. All animal experiments were approved by the Committee on the Use and Care of Animals and performed using accepted veterinary standards. Eight-week-old out-bred female CD-1 mice (Charles River Laboratories, Wilmington, MA) were injected intravenously with 0.1 ml of B. anthracis Sterne or the bslA::⍀Sp r strain (4 ϫ 10 4 CFU). Mice were monitored for signs of infection at least twice a day and euthanized at 48 h postinfection. Blood, brains, and kidneys were collected and plated to determine bacterial counts in each tissue. Half of the brain was stored in 4% paraformaldehyde for further histological analysis performed at the University of California San Diego Histopathology Core Facility (N. Varki, director).
Immunostaining. To visualize tight junctions, hBMECs were grown to 100% confluence on collagen-coated glass coverslips and infected with B. anthracis Sterne and its isogenic mutants (1 ϫ 10 5 CFU) for 4 h at 37°C. Cells were washed three times with PBS, fixed in 4% paraformaldehyde, and permeabilized in 0.25% Triton X-100. Cells were incubated in 2% goat serum for 1 h, followed by incubation with 5 g/ml anti-ZO-1 antibody (Invitrogen) overnight at 4°C. Cells were washed three times in PBS and then incubated with 5 g/ml of secondary antibody (Alexa Fluor 594-conjugated anti-rabbit) for 1 h at room temperature. Slides were mounted in Vectashield (Vector Laboratories), and images were digitally collected as stacks at a ϫ63 magnification on a Zeiss Axio Observer Z1 inverted microscope optimized for fluorescence and equipped with a monochrome AxioCam MRm for imaging. Quantification of ZO-1 fluorescence was determined using a directed pattern correlation method to correlate pixels using an algorithm that we wrote. Images were decomposed by defining cell boundaries with a symlet wavelet decomposition algorithm (42) , and noise was reduced using our block filtering method.
Statistical analyses. Graphpad Prism version 4.03 was used for statistical analyses. Differences in adherence, invasion, and bacterial counts in tissues and ZO-1 staining were evaluated using Student's t test or chi-square analysis. Statistical significance was accepted at a P value of Ͻ0.05.
RESULTS
The pXO1-encoded protein, BslA, promotes adherence to and invasion of brain endothelium. The ability of meningeal pathogens to interact with and penetrate the BBB represents an important first step in the development of bacterial meningitis. We have previously shown that B. anthracis Sterne is able to adhere to and invade brain endothelium (44) . However, as the toxin-deficient mutant (⌬LF/EF) exhibited only a partial decrease of BBB interaction, we hypothesized that other genes on the virulence pXO1 plasmid may contribute to this process. To test this hypothesis, we used our previously established quantitative hBMEC adherence and invasion assays (9, 44) in an in vitro BBB model. hBMEC were grown to confluence and infected with B. anthracis Sterne and its isogenic strains lacking pXO1 (pXO1 Ϫ ) or both lethal and edema toxin (⌬LF/EF). Data are expressed as the percentage of total cell-associated or intracellular CFU recovered compared to the inoculum added to hBMEC monolayers. Consistent with previous findings, B. anthracis Sterne was able to adhere to and invade hBMEC, while the ⌬LF/EF strain showed a partial reduction in adherence and invasion compared to the results for B. anthracis Sterne ( Fig. 1A and B) . Strikingly, however, the Sterne pXO1 Ϫ strain exhibited little to no hBMEC adherence and invasion compared to the results for the parental strain (P ϭ 0.005) (Fig. 1A and B) . These results suggest that additional factor(s) on pXO1 mediate the interaction of B. anthracis with brain endothelium.
The pXO1 plasmid harbors two predicted S-layer-associated proteins (pXO1-54 and pXO1-90) (31) . One of these, BslA (pXO1-90), has recently been demonstrated to be an S-layer protein and mediate adherence to fibroblasts and colonic and lung epithelial cells (20) . We therefore examined the role of BslA in B. anthracis Sterne's interaction with hBMEC using an isogenic B. anthracis Sterne strain lacking the bslA gene (bslA::⍀Sp r strain). As shown in Fig. 1 , the bslA::⍀Sp r mutant strain exhibited marked decreases in hBMEC adherence and invasion, with levels similar to the levels observed with Sterne pXO1
Ϫ . These very low levels of adherence/invasion were also comparable to those observed during infection of hBMEC with the nonhuman pathogen B. thuringiensis, which served as a negative control (Fig. 1A and B) . Adherent bacilli were visualized by microscopy following stringent washing and Gram staining. Micrographs revealed cell-associated organisms for B. anthracis Sterne (Fig. 1C) but no hBMEC association of the Sterne pXO1
Ϫ or the bslA::⍀Sp r strain ( Fig. 1D and E, respectively). Consistent with our previous results, approximately 7 .5% of the total number of hBMEC-associated B. anthracis Sterne strain bacteria had invaded the intracellular compartment (Fig. 2) . Interestingly, although there was a very low percentage of adherent BslA-deficient bacteria compared to the input inoculum used (Fig. 1A) , still, ϳ7% of total hBMECassociated bslA::⍀Sp r bacteria were able to invade hBMEC (Fig. 2) . This level is similar to that of the B. anthracis Sterne parent strain, whereas with the Sterne pXO1 Ϫ mutant, little to no invasion by adherent organisms (0.7%) was observed (Fig.  2) . These data suggest that BslA acts primarily as an adhesin, while additional factors on the pXO1 plasmid may contribute to invasive ability.
BslA is necessary and sufficient for hBMEC adherence. To establish unambiguously that the B. anthracis BslA protein specifically contributes to the hBMEC adherence phenotype, we performed single gene complementation analysis. The BslA-deficient strain complemented with the bslA gene carried by pbslA or with the pLM5 vector-only control was tested in the hBMEC adherence assay. Complementation of the bslA::⍀Sp r mutant strain with pbslA restored the adherence level to that of B. anthracis Sterne, while the bslA::⍀Sp r mutant transformed with pLM5 alone retained the hypoadherent phenotype (Fig.  3A) . It has been shown previously that the bslA::⍀Sp r pbslA strain expresses the BslA protein at a level similar to that of the parental Sterne strain (20) .
Our results suggest that BslA acts as an adhesin to promote bacterial interactions with the hBMEC surface. To further probe this possibility, an exogenous recombinant BslA protein (GST-BslA 260-652 ) was added to the adherence assays to determine whether its presence blocked B. anthracis SternehBMEC interactions. We found that pretreatment of hBMEC monolayers with recombinant BslA inhibited B. anthracis Sterne's hBMEC adherence by 49% (Fig. 3B) . The addition of VOL. 191, 2009 BslA MEDIATES BLOOD-BRAIN BARRIER PENETRATION 7167
on October 23, 2017 by guest http://jb.asm.org/ purified GST alone had no effect on B. anthracis Sterne's adherence (data not shown). This is consistent with competitive inhibition of a cellular receptor(s), suggesting that B. anthracis BslA can function directly as an adhesin for brain endothelium.
To determine if BslA is sufficient for hBMEC adherence, we expressed the bslA gene (pUTE-bslA) in the nonadherent and noninvasive bacterium B. thuringiensis (37) . The empty pUTE29 vector in B. thuringiensis served as a control. Heterologous expression of bslA resulted in a significant increase in the adherence of B. thuringiensis bacteria to hBMEC compared to that of B. thuringiensis bacteria expressing the empty vector (Fig. 3C) . Micrographs of infected monolayers revealed adherent bacilli only in the case of B. thuringiensis expressing BslA (Fig. 3D, E, and F) . Taken together, these results demonstrate that BslA is both necessary and sufficient for adherence to hBMEC.
BslA contributes to BBB penetration in a mouse model of anthrax meningitis. Our results thus far suggest a primary role for BslA in B. anthracis Sterne's interaction with brain endothelium. We next sought to corroborate whether this in vitro phenotype translated into a diminished ability to penetrate the BBB and produce meningitis in vivo. Using our established mouse model of hematogenous anthrax meningitis (44), we infected mice intravenously with B. anthracis Sterne or the bslA::⍀Sp r mutant. Mice were euthanized at 48 h postinfection, after which the blood and brain were harvested from each mouse for quantitative bacterial culture. Despite similar levels of bacteremia at the experimental endpoint (Fig. 4A) , only one out of six mice infected with the BslA-deficient mutant exhibited CNS infection (Fig. 4B) . Representative histopathologic images of brains from experimentally infected mice are shown. Microscopic examination of brains from mice infected with B. anthracis Sterne revealed a thickening of the meninges and leukocytic infiltration (Fig. 4C) . Additionally, areas of microabscess formation and hemorrhagic damage in the brain parenchyma were observed (Fig. 4C, D , and E). In contrast, a section from a mouse infected with the bslA::⍀Sp r mutant with no brain bacterial counts displayed normal brain architecture and meningeal lining (Fig. 4F) . However, in the case where a mouse did exhibit CNS invasion with the bslA::⍀Sp r mutant, brain sections showed evidence of meningeal inflammation that was qualitatively similar to that observed with B. anthracis Sterne infection (Fig. 4G) . In a subsequent experiment, we analyzed brain bacterial loads in infected mice at a later time point (when mice were moribund) and similarly found that only two out of seven mice infected with the BslA-deficient mutant had bacteria in the brain (data not shown).
Contribution of BslA to hBMEC tight junction disruption. While our findings demonstrate that BslA contributes significantly to CNS entry in vivo, in some cases, we observed that BslA-deficient bacilli were still able to penetrate the BBB and cause meningitis. We hypothesized that B. anthracis Sterne may also be able to disrupt the BBB by modulating tight junction formation and permeability. It has been shown previously that anthrax toxins induce endothelial barrier dysfunction by disrupting the adherens junction protein vascular endothelial cadherin in lung endothelial cells (45) . We examined the expression in hBMEC of tight junction protein ZO-1, a primary regulatory protein of tight junction formation in the BBB (3, 7), upon infection with B. anthracis Sterne and the bslA::⍀Sp r mutant strain. Immunofluorescence staining showed intense ZO-1 staining at the intercellular junctions in the noninfected control (Fig. 5A) . Infection of hBMEC monolayers with either of the B. anthracis Sterne strains 34F2 or 7702 resulted in an overall reduction and disruption in ZO-1 immunofluorescence compared to that in the control (Fig. 5B and  E) . In contrast, ZO-1 distribution following infection with Sterne lacking the pXO1 plasmid (pXO1 Ϫ ) or the anthrax toxins (⌬LF/EF) was similar to that in the uninfected control ( Fig. 5C and F) . Interestingly, infection with the bslA::⍀Sp r mutant strain resulted in only partial disruption of tight junction formation and ZO-1 staining compared to the results for uninfected hBMEC (Fig. 5D and G) .
DISCUSSION
Anthrax meningitis/meningoencephalitis is the main neurological complication of anthrax infection and is associated with extremely high mortality despite antimicrobial therapy and supportive care (24, 27) . We have previously shown that B. anthracis Sterne is capable of invading brain endothelium in a process involving host actin cytoskeleton rearrangement to facilitate CNS entry (44); however, the basic pathogenic mechanisms by which B. anthracis penetrates the BBB have not been described. Our studies using mutational analysis and heterologous expression revealed a requirement for the newly described S-layer protein, BslA, in BBB attachment by B. anthracis Sterne. Decreased adherence to hBMEC by the BslAdeficient mutant in vitro was correlated with a reduced risk for development of CNS infection in vivo. Thus, BslA represents the first known factor to directly promote B. anthracis Sterne attachment to brain endothelium and BBB penetration.
While the early stages of anthrax infection, including mac- 
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BslA MEDIATES BLOOD-BRAIN BARRIER PENETRATION 7169 rophage interaction and spore germination, have been well studied (16, 23, 29, 34) , less is known about the molecular interactions of the vegetative form with host cells during disease pathogenesis. At later stages of infection, vegetative bacilli replicate in the bloodstream, reaching 10 8 organisms per ml of blood (8, 11, 34) . Vegetative forms can also disseminate in vivo by directly infecting nonphagocytic cells (35) . We initially observed that the interaction of B. anthracis Sterne with brain endothelium was pXO1 dependent, as an isogenic strain cured of pXO1 (Sterne pXO1 Ϫ ) exhibited a hypoadherent and hypoinvasive phenotype. Sequence analysis of pXO1 has revealed the presence of secreted and/or surface-associated factors and products that are predicted to be involved in microbial pathogenesis (2) . Yet, there are ϳ50 pXO1-carried genes whose functions remain unknown and which, in most cases, are unique to B. anthracis (2) . Interestingly, virulence genes of pXO1 are located on pathogenicity islands in a type of arrangement similar to that found on bacterial chromosomes (31) . One such pathogenicity island contains open reading frames (pXO1 base pairs 96 to 127) for known virulence genes, including cya (EF), lef (LF), and pagA (protective antigen), that encode the tripartite anthrax toxin complex; atxA and pagR, (Fig. 1) .
The surface of B. anthracis contains an elaborate independent S-layer underneath the poly-␥-D-glutamic acid capsule on October 23, 2017 by guest http://jb.asm.org/ (25) . The S-layer, which is thought to contribute to virulence, displays a highly ordered ultrastructure array comprised primarily of two abundant surface proteins, EA1 and Sap (10, 26) . An additional 22 genes are predicted to encode S-layer proteins (32); the pXO1-encoded BslA protein has recently been identified as an S-layer component and adhesin (20) . We found that BslA promoted attachment to human brain endothelium ( Fig. 1 ) and keratinocytes (data not shown). When hBMEC monolayers were infected with the bslA::⍀Sp r mutant, little to no adherence was observed. Additionally, heterologous expression of bslA in B. thuringiensis conferred adherence capabilities and purified recombinant BslA protein reduced the ability of B. anthracis Sterne to bind to hBMEC. These results demonstrate that BslA is both necessary and sufficient to promote host cell interaction.
Finally, we demonstrate that BslA contributes significantly to the ability of B. anthracis Sterne to penetrate the BBB and cause meningitis in vivo. Mice injected intravenously with the bslA::⍀Sp r mutant exhibited a significant decrease in the CNS bacterial load (Fig. 4) . This was not due to a generalized reduction in the virulence of the BslA-deficient mutant, as bacterial counts in the blood were similar at the experimental endpoint. Microscopic examination of brain sections from mice injected with B. anthracis Sterne confirmed that the development of meningitis correlated with the presence of bacteria in the brain. These results are the first to demonstrate an in vivo role for BslA in the pathogenesis of anthrax meningitis. Although our studies were performed in the Sterne (pXO1 ϩ pXO2 Ϫ ) background, a previous study aimed at vaccine development demonstrated that BslA was highly and equally immunoreactive with serum isolated from rabbits and guinea pigs after infection with B. anthracis Sterne (pXO1 ϩ pXO2 Ϫ ) or B. anthracis Vollum (pXO1 ϩ pXO2 ϩ ) (13) . These results suggest that BslA is accessible on the bacterial surface even in the encapsulated organism.
Our results further suggest that BslA-mediated attachment may also contribute to the ability of B. anthracis to alter and disrupt the tight junction formation of the BBB. In vascular endothelium, tight junctions play a central role in maintaining barrier function by promoting intercellular contacts and monolayer integrity (7) . Tight junction proteins ZO-1 and occludin have been shown to be primary regulatory proteins that modulate BBB permeability and contribute to the restrictive nature of the BBB (3). ZO-1 has been shown previously to be expressed in this hBMEC cell line (36) . We observed that B. anthracis Sterne infection of hBMEC monolayers resulted in marked alterations in ZO-1 staining. This was due to the expression of the anthrax toxins, as infection with the toxindeficient strain did not disrupt ZO-1 staining. These results are consistent with those of previous studies where purified LT altered the permeability of human lung microvascular endothelial cells by disrupting the junctional protein vascular endothelial cadherin (45) . In addition, LT induced endothelial barrier dysfunction, resulting in major vascular leakage following intraperitoneal injection (14) . Our results showed that infection of hBMEC with the bslA::⍀Sp r mutant resulted in only partial disruption of ZO-1 tight junction staining (Fig. 5) . These results suggest that host cell attachment also contributes to tight junction disruption and/or that BslA-mediated adherence is required for optimal toxin activity.
The hBMEC cell line maintains the morphological and functional characteristics of primary brain endothelium and has proven valuable in the analysis of a wide variety of human CNS pathogens, including group B Streptococcus (30) , Escherichia coli K1 (21), Neisseria Streptococcus (43), Streptococcus pneumoniae (33) , and recently, B. anthracis (44) . We now identify for the first time a B. anthracis surface-associated adhesin that promotes hBMEC interaction and BBB penetration in vivo, contributing to the pathogenesis of anthrax meningitis. The results of our and previous studies suggest that BslA acts as a global adherence factor important for anthrax disease pathogenesis. Interestingly, characterization of Bacillus cereus isolates associated with fatal pneumonias showed that they harbor the bslA (pXO1-90) gene (17) . In summary, BslA may represent an attractive new target for pharmacological intervention or vaccine purposes to prevent disease progression during systemic anthrax infection.
